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ABSTRACT
We present orbital solutions for 34 double-lined spectroscopic binaries found in the Carney-Latham sam-
ple of 1464 stars selected for high proper motion. We use TODCOR, a two-dimensional correlation tech-
nique, to extract the velocities for the primary and secondary stars and their light ratio. For our single-order
echelle spectra, obtained with the Center for Astrophysics Digital Speedometers, we find that we can reach
secondaries that are as much as 2 mag fainter than their primaries. The ratio of the primary to secondary
velocity residuals from the orbital fit equals approximately the secondary-to-primary light ratio, as would be
expected for the photon-limited case. We use our mass and light ratios to evaluate the mass-luminosity rela-
tion for metal-poor main-sequence dwarfs in the mass range 0.55–0.8 M. We assume an L / M relation
and find that the exponent at around 5200 Å is 7.4  0.6. We find this is in good agreement with the slope of
the corresponding theoretical MV-M 14 Gyr isochrones from the VandenBerg & Bell models for metal-poor
stars.
Key words: binaries: spectroscopic — Galaxy: halo — techniques: radial velocities
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1. INTRODUCTION
Over the past 20 years, we have monitored the radial
velocities of nearly all of the 1464 stars in the Carney-
Latham proper-motion sample (Carney et al. 1994, here-
after Paper XII) with the Center for Astrophysics (CfA)
Digital Speedometers (Latham 1985, 1992). We report here
orbital solutions for 34 double-lined spectroscopic binaries
(SB2’s) found in this sample, whose radial velocities were
derived with TODCOR, a two-dimensional correlation
technique (Zucker &Mazeh 1994).
Perhaps the most important application of double-lined
solutions is the determination of dynamical masses for indi-
vidual stars. This requires that the orbital inclination be
available from some other source, since it cannot be
obtained from the SB2 spectroscopic solution. The most
common source of accurate inclinations has been light
curves of eclipsing binaries. However, eclipsing binaries are
rare, because their inclination must be close to 90. Another
potential source for orbital inclinations is astrometric mea-
surements, which is becoming increasingly important with
the advent of ground-based interferometers and space
astrometric missions.
Double-lined solutions are also important for the analysis
of the mass ratio and secondary mass distributions of
binaries. Since SB2 orbits yield mass ratios directly, the sec-
ondary mass of an SB2 can be obtained if we have an esti-
mate of the primary mass, from its spectral type, for
example. However, most main-sequence binaries are
observed to be single-lined, because the secondary is too
faint to be detected with the instrumentation and analysis
techniques being used. For a single-lined binary (SB1) the
mass ratio cannot be derived directly. Therefore, in order to
derive the mass ratio and/or secondary mass distributions
for a sample of SB1’s, it is necessary to use a statistical
approach and assume some distribution of orbital inclina-
tions (e.g., Mazeh & Goldberg 1992; Heacox 1995). This
tends to smear out local features in the mass ratio and/or
secondary mass distributions and can increase their uncer-
tainties. Both these problems can be reduced by converting
as many SB1’s as possible in a given sample into SB2’s, with
direct determinations of their mass ratio.
The mass ratio and the secondary mass distributions
can be used to confront theories of binary formation and
evolution (e.g., Boss 1986; Adams, Ruden & Shu 1989;
Bodenheimer, Ruzmaikina, & Mathieu 1993; Burkert &
Bodenheimer 1996; Bate 2000). For example, they can test
predictions of formation theories such as dynamical evolu-
tion of small groups of stars with or without disk interac-
tions playing an important role (McDonald & Clarke 1993,
1995). A detailed, correct, histogram of the secondary mass
distribution can reveal localized features of the distribution,
such as a peak near 0.55 M corresponding to a population
of white dwarf companions (Torres 1991;Mazeh, Goldberg,
1 Some of the results presented here used observations made with the
Multiple Mirror Telescope, a facility operated jointly by the University of
Arizona and the Smithsonian Institution.
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& Latham 1998a). The distribution would also have impor-
tant implications for binary population synthesis work (e.g.,
de Kool 1996; Johnston 1996). Finally, the secondary mass
distribution near the stellar/substellar limit would allow us
to compare the mass distribution for low-mass stellar com-
panions with the improving understanding of planet mass
distribution (e.g., Mazeh, Goldberg, & Latham 1998b;
Mazeh 1999; Zucker & Mazeh 2001), a comparison that
might shed some light on the transition region between
planets and brown dwarfs.
Another important application of SB2 orbits is the study
of the mass-luminosity relation. TODCOR provides an esti-
mate of the relative brightness of the two stars in each dou-
ble-lined system. When this light ratio is combined with the
mass ratio derived from the orbital solution, we can investi-
gate the mass-luminosity relation for pairs of stars, for
which we can assume the same age andmetallicity.
The importance of SB2’s led us to invest considerable
effort in our attempts to identify stars in the Carney-Latham
sample with composite spectra and to measure the velocities
and light ratios with TODCOR for as many secondaries as
possible. TODCOR represents a significant advance in our
ability to analyze binaries with composite spectra using cor-
relation techniques, and therefore some of the double-lined
solutions presented here are substantially better than the
previously published ones. The success of this effort can be
judged from the fact that this paper presents 34 TODCOR
double-lined orbits, eight of which were published as SB1’s
by Latham et al. (1988, hereafter Paper VI; 1992, hereafter
Paper XI).
The TODCOR orbit for one of the 34 systems, G69-1,
has already been published (Mazeh et al. 1995), and we
include it here for completeness. Preliminary orbits, based
on our older one-dimensional correlation techniques, have
already been published for another 17 systems: one double-
lined and seven single-lined orbits in Paper VI and eight
double-lined and one single-lined orbits in Paper XI. Thus,
orbits for 16 new binaries are reported here. Seven other sys-
tems in the Carney-Latham sample with composite spectra
have proven to be triples. Their orbits are not included here
and will be addressed in future papers.
Section 2 describes our techniques for extracting radial
velocities, and x 3 presents orbital solutions for 34 systems.
Section 4 documents some details for the different systems.
We discuss the global performance of TODCOR in x 5 and
derive a mass-luminosity relation in x 6. We discuss our
results in x 7. The secondary mass distribution will be
addressed in a separate paper (Goldberg, Mazeh, & Latham
2002). A preliminary study of this distribution was pub-
lished byMazeh et al. (1998a) and byGoldberg (2000).
2. EXTRACTING RADIAL VELOCITIES
All the radial velocities reported here were extracted by
TODCOR from stellar spectra secured with the CfA Digital
Speedometers (Latham 1985, 1992). TODCOR assumes
that the observed spectrum is a combination of two spectra
with shifts caused by the radial velocities of the two compo-
nents. The algorithm therefore calculates the correlation of
the observed spectrum against a combination of two tem-
plates, one optimized to match the primary spectrum and
the other to match the secondary. The correlation is, thus,
calculated as a function of two velocity shifts of the two tem-
plates. The result is a two-dimensional correlation function,
whose maximum is expected at the shifts that correspond to
the actual velocities of the two components. In this way,
TODCOR makes optimum use of all the spectral informa-
tion contained in the observed spectrum. It also minimizes
the systematic velocity errors that can result from ‘‘ peak
pulling ’’ of the primary velocity peak by the unresolved sec-
ondary peak, when one-dimensional techniques are applied
to composite spectra. We have used the TODCOR package
implemented by S. Zucker at Tel Aviv University, a package
that has its own code for calculating the one-dimensional
correlation functions needed by TODCOR.
To be able to match the actual components of the differ-
ent binaries, one needs to have a large library of templates.
For this purpose, we used the grid of synthetic spectra calcu-
lated by Jon Morse with the 1992 Kurucz model atmo-
spheres (e.g., Nordström et al. 1994).
Our calculated templates are characterized by effective
temperature, metallicity, surface gravity, and rotational
velocity, v sin i. To identify the two templates giving the best
match to the observed composite spectra for each system,
we chose a subset of the observed spectra of each system
that had the highest quality and then looked for the tem-
plates that gave the highest correlation peak, averaged over
the subsample of spectra.
As a first guess for the template parameters to use for the
primary, we adopted the grid temperature and metallicity
closest to the effective temperature, Teff, and metallicity,
[Fe/H], listed for each system in Paper XII. Most of our tar-
gets are very likely to be dwarfs, because they were origi-
nally selected for high proper motion. In addition, SB2’s
composed of two giants are very rare, because post–main-
sequence evolution proceeds rapidly. Therefore, we adopted
a surface gravity of log g = 4.5 throughout. Note, however,
that two of our stars, G34-39 and G221-7, are clearly sub-
giants (see the notes in x 4). Nevertheless, their radial veloc-
ities derived by TODCOR are not affected by the choice of
the log g = 4.5 templates.
For the secondary template, we started with a slightly
cooler temperature than that of the primary. The value of
v sin i for our first guess was zero for both stars. We
searched the library of templates for different parameter
choices around our first guess until a maximum of the aver-
aged correlation peak was found. The search enforced two
constraints: the metallicities of the primary and secondary
in each binary had to be the same, and the secondary’s tem-
perature could not be higher than the primary’s.
It turns out that the height of the correlation peak is
rather sensitive to the rotational velocities of the primary
and secondary. Because the spacing of the grid of calculated
templates we have used is too coarse near v sin i = 0, we
generated additional templates at intermediate rotational
velocities by rotating up numerically the v sin i = 0 tem-
plates with a rotational profile assuming a limb-darkening
coefficient of 0.6 (e.g., Gray 1976, p. 398).
To extract the radial velocities for the two stars, the ratio
of the normalized continua of the two templates, , is also
needed. We assumed it had the same value for all the
observed spectra of each system and ran the TODCOR
analysis for a grid of  values with spacing 0.05, choosing
the value that gave the highest average correlation peak.
The template parameters that we adopted for the final
radial velocity determinations are listed in Table 1. In gen-
eral, the effective temperatures for the primaries that came
out of our optimization process are very close to the values
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listed in Paper XII and run only a little hotter, by 76  28 K
in the mean. We hesitate to assign any astrophysical signifi-
cance to this small difference. For the purposes of this paper,
we prefer to view our optimization as simply a tool for get-
ting the best match to the observed spectra, so that we can
derive the best velocities and orbital solutions. However, in
the case of the brightness ratio, , we believe that TODCOR
delivers more than just a parameter that optimizes the
choice of templates. The analysis presented below supports
the notion that the derived value of  is indeed close to the
actual brightness ratio of the two stars in our wavelength
range.
The individual radial velocities of the primary (v1) and
secondary (v2) and the time of observation (HJD) are given
in Table 2. The errors of the two sets of velocities are dis-
cussed in x 5.
3. ORBITAL SOLUTIONS
To find the orbital solutions of the binary systems, we
used ORB20 (Mazeh et al. 2001), which searches the orbital
parameter space to find a global minimum for the residuals
of the radial velocities of both stars.
For our initial attempts at deriving orbital solutions, we
allowed TODCOR to select the primary and secondary
velocities automatically. In many cases, this produced a sat-
isfactory double-lined solution, but some systems required
special treatment. The most common problem occurred for
systems in which the primary and secondary have nearly the
same brightness, and TODCOR’s identification of which
velocity belonged to the primary and which belonged to the
secondary was not always correct. These systems were iden-
TABLE 1
Template Parameters








(km s1)  Comments
G69-1........... 00 32 33.9 +28 11 51 8.72 0.5 5500 5000 4 4 0.60 HD 2909
G69-4S......... 00 36 02.3 +29 59 35 8.46 0.5 5500 4750 4 2 0.15 HD 3266
G173-10 ....... 01 36 01.3 +49 42 42 10.70 1.5 5750 5750 4 4 0.90 BD+48476
G34-39......... 01 37 25.0 +25 10 04 6.97 0.5 5000 5000 0 0 0.15 HD 9939
G133-57 ....... 01 57 34.7 +42 04 36 9.01 0.0 5750 5250 4 2 0.10 BD+41379
G37-10......... 02 53 01.4 +35 38 13 8.38 0.5 5250 4750 0 0 0.30 HD 17841
G221-7......... 03 18 38.4 +72 16 30 8.89 1.0 5250 5000 0 0 0.10 HD 20039
G6-26A........ 03 39 33.5 +18 23 05 8.28 0.5 5250 5000 6 6 0.70 HD 22694
G6-26B ........ 03 39 35.1 +18 18 43 12.71 0.5 4000 3750 0 0 0.65 BD+17601B
G248-28 ....... 04 57 00.0 +73 50 21 9.45 0.5 5500 5000 0 0 0.40 BD+73257
G86-40......... 05 26 36.9 +34 44 40 11.81 1.5 6000 5500 6 6 0.60
G99-48......... 05 59 06.4 +04 10 35 11.89 2.0 5000 5000 4 2 0.60
G103-48 ....... 06 40 07.4 +30 01 57 10.87 0.0 5000 4750 4 4 0.90 BD+301292
G88-10......... 07 10 23.7 +24 20 40 11.85 2.5 6000 5000 6 15 0.15
G234-28 ....... 08 14 16.4 +68 55 19 10.60 1.5 6000 5750 2 2 0.40
G9-27........... 08 51 40.0 +18 53 13 12.05 2.0 5250 5000 0 0 0.30
G114-26 ....... 08 59 10.2 04 01 37 9.66 2.0 5750 5000 6 6 0.25 BD32525
G236-38 ....... 10 45 29.1 +66 34 17 12.82 1.0 5000 4500 4 10 0.50
G58-15......... 10 46 40.0 +22 43 14 13.05 2.5 5250 5000 7 10 0.50
G122-43 ....... 11 44 17.6 +40 32 17 12.02 2.5 5500 5000 5 5 0.20
G59-32......... 12 40 07.0 +20 48 32 8.98 0.0 5250 4750 4 6 0.40 BD+212442
G61-24......... 12 57 31.2 +18 41 40 8.97 0.5 5500 5250 4 2 0.60 HD 112573
G178-30 ....... 14 29 34.8 +39 32 04 13.53 1.0 5000 4500 8 12 0.30
G166-45 ....... 14 49 02.3 +25 42 08 9.73 2.5 6000 5750 6 6 0.45 BD+262606
G66-49......... 15 00 35.0 +08 36 00 7.25 0.5 5500 5250 4 4 0.90 HD 132756
G66-59......... 15 03 48.5 +10 44 17 13.20 2.5 5000 5000 5 10 0.70
G224-81 ....... 15 44 51.7 +62 51 37 8.95 1.0 5500 5000 2 4 0.25 HD 141335
G16-9........... 15 45 52.4 +05 02 26 9.15 1.0 4750 4500 6 0 0.15 BD+53080
G182-7......... 17 24 42.4 +38 02 10 8.60 0.5 5250 5000 6 4 0.50 HD 157948
G183-9......... 17 52 59.9 +15 20 55 11.87 1.0 6000 5250 12 0 0.12
G182-41 ....... 18 09 26.5 +27 55 18 12.65 1.0 4750 4500 0 4 0.35
G209-35 ....... 20 32 51.6 +41 53 54 7.08 0.5 5250 4750 6 12 0.15 HD 195987
G210-46 ....... 20 59 55.2 +40 15 31 6.57 0.5 6000 5500 6 8 0.30 HD 200077
G129-42 ....... 23 55 04.1 +20 23 05 8.94 0.5 5250 4500 4 4 0.15 HD 224087
Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
TABLE 2













Note.—Table 2 is presented in its entirety in the elec-
tronic edition of the Astronomical Journal. A portion is
shown here for guidance regarding its form and content.
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tified by examining the initial solutions, where it was clear
that the velocities of the primary and of the secondary for
some spectra were switched. These systems were solved
again after switching the assignments of the primary and
secondary velocities as needed (e.g., Mazeh et al. 2001).
For systems in which the signal from the secondary spec-
trum was weak and similar to the noise, the correlation peak
corresponding to the true velocities of the system could
sometimes be weaker than a spurious peak in the two-
dimensional correlation function. The spurious peaks usu-
ally yielded a reasonable velocity for the primary, and only
the secondary velocity was completely wrong. In these cases,
the initial orbital solution yielded outlier velocities for the
secondary. Nevertheless, it was often possible to identify the
correct peak using a preliminary orbital solution for guid-
ance. These systems were solved again after the correct new
secondary velocities were derived. For a few exposures, we
were not able to find reliable peaks for the secondary veloc-
ities. In those cases, we discarded the exposures.
The details for our final orbital solutions are presented in
Table 3 and are plotted in Figure 1. The figure shows for
each system the individual velocities for both stars plotted
against the orbital phase, together with the velocity curves
calculated from the orbital solutions. The orbital period, in
days, is given at the right-hand side of each top label. In
Table 3, we give the period P in days, the center-of-mass
velocity  in kilometers per second, the observed orbital
amplitudes for the primary and secondaryK1 andK2 in kilo-
meters per second, the mass ratio of the secondary to the
primary, the eccentricity e, the longitude of periastron ! in
degrees, the Heliocentric Julian Date of periastron passage
T  2,440,000 in days, the projected semimajor axis a sin i
in gigameters (Gm), the masses M1 and M2 of the primary
and secondary multiplied by sin3 i in solar masses, the num-
ber of observations N, and the rms velocity deviations for
the primary 1 in kilometers per second.
The second row for each star contains the standard devia-
tions for the corresponding parameters, except for the last
two columns, which give the span of observations in days
and the rms velocity deviations for the secondary 2 in kilo-
meters per second. For the primary identifier of each binary
(e.g., in the first column of Tables 1, 2, and 3 and in the label
for each orbital plot in Fig. 1), we have used the names
directly from the CfA observing catalogs. They are all based
on the Giclas identifications (Giclas, Burnham, & Thomas
1971, 1978). We also give the IAU recommended name (if
different) in the final column of Table 1.
Generally, all the double-lined solutions that were pub-
lished in Papers VI and XI did not include measurements
near the  velocity, where the one-dimensional correlation
could not separate the velocities of the two components.
The TODCOR solutions reported here succeed in finding
the velocities of both components even near the  velocities
and thus cover all the orbital phases. In addition, most of
the old double-lined solutions gave smaller values for the
orbital amplitude,K2, of the secondary, and sometimes even
for the amplitude of the primary, because of peak pulling
toward the center-of-mass velocity.
4. NOTES ON INDIVIDUAL STARS
G69-1 (00h32m33 99, +281105100): HIP 2563. Noted by
Fouts (1987) as a binary candidate. Orbit published by
Mazeh et al. (1995).
G69-4 S (00h36m02 93, +295903500): ADS 497A, HIP
2844.Hipparcos (ESA 1997) reported a visual companion at
a separation of 6>19 and a magnitude difference of 0.85.
Hipparcos also reported on photometric variations with an
amplitude of 0.081 mag. SB1 orbit in Paper VI. Tokovinin
(1999) observed the system and derived an SB2 orbit, similar
to ours, which incorporated the data of Paper VI. Ottmann,
Fleming, & Pasquini (1997) detected X-ray emission.
G173-10 (01h36m01 93, +494204200): HIP 7452. SB2 orbit
in Paper XI.
G34-39 (01h37m25 90, +251000400): HIP 7564. SB1 orbit
in Paper VI. Boden et al. (2001) derived an astrometric orbit
with the Palomar Testbed Interferometer. The Hipparcos
parallax, which yields MV value of 3.85  0.08 at (BV ) =
þ0.90, indicates the star is a subgiant.
G133-57 (01h57m34 97, +420403600): HIP 9121.
G37-10 (02h53m01 94, +353801300): HIP 13438. SB2 orbit
in Paper XI. [Fe/H] is 0.00  0.15 and MV in the Vilnius
system is 5.7  0.5 (Bartašiūtė, Ezhkova, & Lazauskaitė
1999).
G221-7 (03h18m38 94, +721603000): HIP 15405. SB2 orbit
in Paper XI. Osborn & Hershey (1999) reported an unsuc-
cessful attempt to spatially resolve this system, yielding a
lower limit distance estimate of 50 pc. TheHipparcos paral-
lax, which yields MV value of 3.59  0.25 at (BV ) =
þ0.75, indicates the star is a subgiant.
G6-26A (03h39m33 95, +182300500): HIP 17076. Common
proper motion with G6-26B, which is also SB2. The  veloc-
ities of the two systems differ by less than 0.4 km s1, sup-
porting the interpretation that they are physically
associated. SB2 orbit in Paper XI. Chromospherically active
binary (Pasquini & Lindgren 1994). The v sin i of the pri-
mary and secondary are 8.4  1.0 km s1 (Fekel 1997).
Henry, Fekel, & Hall (1995) observed photometric variabil-
ity with an amplitude of 0.040  0.005 mag and derived a
rotational period of 7.17 days, which is different from the
pseudosynchronous period of 4.3 days. They derived
v sin i = 7  1 km s1 for both components. For compari-
son, we have found the best fit to both components with
v sin i = 6 km s1. Goçbocki & Stawikowski (1997), using
the SB2 orbit from Paper XI and a primary mass estimate of
0.77 M, deduced an orbital inclination of 59
  9. They
also used the rotational period and the rotational velocity
from the literature and the determined stellar radius to find
a rotational inclination of 90  16. They note that an
error of 1 km s1 in v sin i can reduce the rotational inclina-
tion to 60. Ottmann et al. (1997) detected X-ray emission.
G6-26B (03h39m35 91, +181804300): Common proper
motion with G6-26A. (See previous note.)
G248-28 (04h57m00 90, +735002100): HIP 23016.
G86-40 (05h26m36 99, +344404000): SB2 orbit in Paper XI.
G99-48 (05h59m06 94, +041003500): [Fe/H] is 1.62 
0.20 (Beers et al. 1999).
G88-10 (07h10m23 97, +242004000): HIP 34630.Hipparcos
reports acceleration, g = +123.87, and g = +56.76 mas
yr2. SB1 orbit in Paper VI. Primary’s v sin i is 8  3 km s1
(Spite, Pasquini, & Spite 1994). For comparison, we find the
best fit with v sin i = 6 km s1. Some authors derived lith-
ium abundance, N(Li) (e.g., Spite et al. 1994; Thorburn
1994), of which the recent one (Bonifacio & Molaro 1997)
was 2.13. [Fe/H] is2.24  0.13 (Beers et al. 1999).
G234-28 (08h14m16 94, +685501900): HIP 40347.
G9-27 (08h51m40 90, +185301300): [Fe/H] is 1.63  0.16
(Beers et al. 1999).






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































G114-26 (08h59m10 92,040103700): HIP 44124. SB1 orbit
in Paper VI. Suspected to be a radial velocity variable by
Sandage (1969) and by Sandage & Fouts (1987). Greenstein
& Saha (1986) published an SB1 orbit based on results from
the Palomar radial velocity program, with estimated K1 of
14.4 km s1—much smaller than our value of 24.79 km s1.
[Fe/H] was derived by several authors: 1.88  0.11 (Beers
et al. 1999) and1.94 (Pont et al. 1998), for example.
G236-38 (10h45m29 91, +663401700): SB2 orbit in Paper
VI.
G58-15 (10h46m40 90, +224301400): [Fe/H] is 2.74 
0.27 (Beers et al. 1999).
G122-43 (11h44m17 96, +403201700): HIP 57244. N(Li) =
2.26 (Thorburn 1994). [Fe/H] is 2.29  0.13 (Beers et al.
1999).
G59-32 (12h40m07 90, +204803200): HIP 61816. SB2 orbit
in Paper XI. Ottmann et al. (1997) detected X-ray emission.
G61-24 (12h57m31 92, +184104000): Common proper
motion with BD +19261B, with angular separation of 8200
(Halbwachs 1986). Li i equivalent width12 mÅ (Gutiérrez
et al. 1999).
G166-45 (14h49m02 93, +254200800): HIP 72461. Flux
standard star (Oke & Gunn 1983). Many authors derive
N(Li) (e.g., Thorburn 1994; King 1994; Molaro, Primas, &
Fig. 1.—Orbital solutions vs. phase. The primary velocities are plotted as triangles, the secondary velocities as squares. The star name, coordinates, and
orbital period, in days, appear above each frame.
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Bonifacio 1995). The recent value (Bonifacio & Molaro
1997) is 2.20. None of these determinations took into
account the contribution of the secondary to the spectrum
near the lithium line. Li i equivalent width is 36  3 mÅ
(Gutiérrez et al. 1999).
G66-49 (15h00m35 90, +083600000): HIP 73449. [Fe/H] is
0.32  0.18 (Beers et al. 1999). Star does not have H and
K emission (Strassmeier et al. 2000).
G66-59 (15h03m48 95, +104401700): SB2 orbit in Paper XI.
[Fe/H] is2.05  0.15 (Beers et al. 1999).
G224-81 (15h44m51 97, +625103700): HIP 77122. [Fe/H] is
0.80  0.15 and MV in the Vilnius system is 4.8  0.5
(Bartašiūtė et al. 1999).
G16-9 (15h45m52 94, +050202600): HIP 77210. SB1 orbit
in Paper VI. Fekel (1997) determined v sin i of the primary
and the secondary to be 8.4  1.0 and 6.2 km s1, respec-
tively. Spite et al. (1994) derived v sin i of the primary to be
7  3 km s1 and an upper limit for N(Li) of 0.6. For com-
parison, we find the best fit to our spectra with v sin i = 6
km s1 for the primary and no rotation for the secondary.
Li i equivalent width 10 mÅ (Gutiérrez et al. 1999). Pas-
quini et al. (1991) found observational evidence for strong
activity: Ca ii core emission and filled-in H profiles. Pas-
quini & Lindgren (1994) found that the chromospheric
emission of the secondary is clearly visible in the Ca ii K
spectra. They also roughly estimated the difference in V
Fig. 1.—Continued
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magnitude between the primary and secondary to be 2.4
by measuring the Wilson-Bappu width, which is a good
indicator of the stellar absolute magnitude. [Fe/H] is
0.43  0.28 (Beers et al. 1999). Logarithmic Ca iiK and H
line flux of 6.19 and 6.11 ergs cm2 s1, respectively, was
measured by Strassmeier et al. (2000).
G182-7 (17h24m42 94, +380201000): HIP 85209. The Hip-
parcos Catalogue reports a visual companion with an
ambiguous double-star solution. One solution gives a sepa-
ration of 2>03 and magnitude difference of 3.97. An alterna-
tive solution gives a separation of 1>46 and magnitude
difference of 3.29. SB2 orbit in Paper XI. Li i equivalent
width is 17  3 mÅ (Gutiérrez et al. 1999). Ca iiK emission
(Smith & Churchill 1998). Oxygen abundance in non-LTE
and LTE approximations is 8.64  0.01 and 8.67  0.06,
respectively (Mishenina et al. 2000).
G183-9 (17h52m59 99, +152005500): SB1 orbit in Paper XI.
G209-35 (20h32m51 96, +415305400): HIP 101382. SB1
orbit in Paper VI and by Imbert (1980) and Duquennoy &
Mayor (1991), with similar parameters. Speckle interfero-
metric observations (Blazit, Bonneau, & Foy 1987) show a
companion separated by 0>030  0>006 with Dm  2, mar-
ginally resolved with a 3.6 m telescope. TheHipparcosCata-
logue reports a photocentric orbit with inclination
i = 89=5  8=4. Boden et al. (2001) derived an astrometric
orbit with the Palomar Testbed Interferometer. Ottmann et
al. (1997) found it to be a soft X-ray source. [Fe/H] is
0.52  0.20 (Beers et al. 1999). Star does not have H and
K emission (Strassmeier et al. 2000).
G210-46 (20h59m55 92, +401503100): HIP 103641. The
HipparcosCatalogue reports a visual companion with a sep-
aration of 1>95 and magnitude difference of 4.07. SB1 orbit
in Paper VI.
G129-42 (23h55m04 91, +202300500): HIP 117918. Ca ii K
emission (Smith & Churchill 1998). [Fe/H] is 0.25 (Clem-
entini et al. 1999).
5. PERFORMANCE OF TODCOR
The application of TODCOR to a large sample of
binaries provides us with the opportunity to evaluate its
global performance. To estimate the precision of the veloc-
ities derived by TODCOR, we use the rms of their residuals
relative to the orbital solutions, as given in Table 3. We first
plot in Figure 2 the velocity residuals versus metallicity for
the primaries of the 34 systems. It was shown in Paper XII
that the velocity precision depends fairly strongly on metal-
licity, presumably because of the effect of metallicity on line
strength. Comparison of Figure 2 with Figure 2 of Paper
XII suggests that the velocity residuals for the primaries of
the double-lined orbits are similar to those for the single-
lined orbits and for the single stars. This result indicates that
the precision of a TODCOR velocity for a primary is not
significantly influenced by the presence of a secondary.
The velocity residuals for the secondary grow larger as
the secondary gets fainter relative to the primary. This can
be seen in Figure 3, which plots the ratio of the primary to
secondary residuals, r, versus the luminosity ratio, , deter-
mined with TODCOR. To estimate the errors in r, we have
used a maximum likelihood approach to derive the expres-




, where N is the number of degrees of free-
dom per each component (i.e., the number of measurements
minus the number of free parameters determined for each
star). This derivation assumes that all the observed spectra
for a given binary have the same signal-to-noise ratio. We
have assigned, somewhat arbitrarily, an uncertainty of 0.07
for the brightness ratio, , of all stars in our sample. We
then fitted a line that goes through the origin to all points,
taking into account the uncertainty in both r and . The
slope of this line, also plotted in the figure, is 1.03  0.04.
This observational result, that the ratio of velocity resid-
uals, r, is the same as the brightness ratio, , is exactly what
is expected theoretically, assuming that the velocity errors
are dominated by the photon statistics and that the spectra
of the primary and secondary contain the same amount of
spectral information.
To show this is true, let us consider the fractional uncer-
tainty, , in the number of photons, N, detected in a resolu-
tion element in the spectrum of a single star. For Poisson
Fig. 2.—The rms velocity residuals of the primary stars of each binary
vs. its metallicity.
Fig. 3.—Ratio of the primary to secondary velocity residuals vs. the sec-
ondary-to-primary light ratio, , derived by TODCOR. The linear fit that
goes through the origin is also plotted.





=N. In the case of a spectrum composed
of the light from two stars, with contributions N1 and N2 to
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which is exactly our parameter , the brightness ratio of the
secondary to the primary in our spectral window. We
assume that the uncertainty in the Doppler shift, , as
derived from the entire spectral window, is proportional to
the relative uncertainty in the exposure in each resolution






The fact that the observed velocity residuals for the dou-
ble-lined orbits follow the expected relation suggests that
the velocity errors are dominated by the photon statistics,
and that the values of  give a reliable measure of the bright-
ness ratio between the secondary and primary at the effec-
tive wavelength of our spectral window.
6. MASS-LUMINOSITY RELATION
The mass ratios derived from our double-lined orbital
solutions and the light ratios provided by TODCOR allow
us to investigate the mass-luminosity relation for the present
sample of SB2’s. The situation is similar to a star cluster,
where it is customary to assume that all the members formed
at the same time and with the same chemical composition,
thus implying that all the stars should fall on a single iso-
chrone. An important difference here is that each of our
binaries has its own age and metallicity, which means that
they should not all fall on the same isochrone or same mass-
luminosity relation. Nevertheless, we ignore for a moment
these differences and consider all the SB2’s in our sample as
presenting the same mass-luminosity relation, trying to
derive this relation from the sample as a whole.
Let us start with a power-law relation
LV / M ;
where LV is the stellar luminosity in the V band, and M is
the stellar mass. For any given binary with masses M1 and
M2 andV-band luminosities LV1 and LV2 , we have











This means that we can expect linear dependence of DMV on
the logarithm of the mass ratio, q.
The dependence of DMV on the mass ratio is illustrated in
Figure 4, where we plot DMV as a function of the logarithm
of the mass ratio of 25 binaries analyzed in this paper. Three
systems were not included, since we did not have mass esti-
mates for them. The two subgiants were also not included.
Four systems with metallicity higher than 0.5 were not
included, since they might have a different dependence.
The best fit of a straight line that goes through the origin,
with a slope of 18.5  1.4, is also plotted. Almost all points
are within 1  of the fit. The agreement between the line and
the points is remarkable, given the scatter of metallicities
and ages in the sample. This slope implies  = 7.4  0.6, a
rather high LV dependence on stellar mass.
Note that the spectra we used to derive the light ratio are
45 Å wide, centered at 5187 Å. This is slightly shorter of the
V band center, and therefore what is plotted in the figure is
actually DMV 0 , where V0 refers to our spectral band. We
guess that the difference between  of V and that of V0 is
smaller than the derived uncertainty.
The mass-luminosity relation can be transformed into the
localMV-M slope by writing
















The average mass of our sample, including primaries and
secondaries, is 0.61  0.07 M. Therefore, the  value we
derived translates into DMV/DM = 13.4  1.8. To com-
pare this value with theoretical models, we plot in Figure 5
14 Gyr isochrones from the VandenBerg & Bell (1985) mod-
els for metal-poor stars, interpolated at constant MV to a
helium mass fraction of Y = 0.25 (VandenBerg & Bell
adopted Y = 0.2 and 0.3 for their models). We note that the
various isochrones are all parallel in the range 5 < MV < 9,
consistent with the small scatter of the ratio DMV/log q.
For the theoretical isochrones, the average slope below
MV = 5.0 is DMV/DM = 13.1  0.1, consistent with our
findings. Other models will be put to the test more carefully
in forthcoming papers (e.g., Torres et al. 2002).
Fig. 4.—DMV as a function of logðM1=M2Þ. The linear fit that goes
through the origin is also plotted.
Fig. 5.—Isochrones from VandenBerg & Bell (1985), with age of 14 Gyr,
Y = 0.25, and different metallicities. Lines are marked by their [Fe/H].
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The agreement in the mass-luminosity relation between
the values derived from our SB2’s and the theoretical values
from the VandenBerg & Bell (1985) models gives us consid-
erable confidence that the light ratios derived by TODCOR
are reliable and that the theoretical isochrones reproduce
the local slope of the mass-luminosity relation rather well
for metal-poor stars with masses in the range 0.55–0.8M.
7. DISCUSSION
This paper summarizes our effort to detect SB2’s in the
Carney-Latham sample and to solve for their orbits. For
each SB2, we derived a mass ratio and a luminosity ratio in
V0—the spectral region of our spectra. We have shown that
DMV0 is proportional to the logarithm of the derived mass
ratio.
Adopting a mass-luminosity relation of the form
LV0 / M , we derived a value for  of 7.4  0.6. This high
value of  comes from the fact that most of the secondaries
in our sample are not hotter than 5500 K, and therefore
their peak luminosity is at wavelengths longer than our V0
band at 5187 Å. This means that our spectra are located in
the Wien tail of the blackbody radiation curve, which falls
off very quickly as a function of wavelength. Moving to
lower temperatures puts our spectral band further away
from the luminosity peak, which entails in a dramatic
decrease in its LV0.
We found the value of 7.4  0.6 of  consistent with the
VandenBerg & Bell (1985) models for low-metallicity stars.
However, a more detailed comparison might be of some
value. In this comparison, the models should calculate the
value of  for our specific bandpass, with the range of
masses and metallicities used in our sample. Only such
detailed calculations could test the different stellar models.
Another test of the stellar models can be obtained, in
principle, by ground-based interferometers that should be
able to resolve some of our SB2’s and thereby provide a
determination of their orbital inclinations. This will yield
accurate masses for the two components of these systems
(e.g., Boden et al. 2001), allowing critical tests of the stellar
models for low-metallicity stars. Unfortunately, such tests
may be limited by the uncertainty in the helium abundances
and the ages of the systems. Both these parameters are diffi-
cult to establish for isolated field stars. Eventually, we may
choose to trust the models and to use the results to constrain
the systems’ ages and helium abundances.
A careful examination of Figure 4 shows that we have
succeeded in deriving double-lined orbits down to a mass
ratio of about 0.75, despite the fast decrease of the luminos-
ity as a function of the secondary mass. For the value of 
derived here, this mass ratio implies DMV0 of about 2.0. To
get the mass ratio and/or secondary mass distributions, one
would like to have double-lined solutions for binaries with
substantially lower mass ratios. There are two ways for
pushing toward this goal. One is to secure spectra with
higher signal-to-noise ratios and/or wider spectral cover-
age. However, this approach is limited by the strong
dependence of LV on the stellar mass. The other way is to
move to different spectral regions where the contrast of the
cooler secondary to the hotter primary is more favorable.
Since the single-lined orbits are already known, just a few
observations good enough for extracting secondary veloc-
ities should suffice for determining the mass ratio of a
binary.
This strategy has already been applied successfully by
Mazeh et al. (1997), who observed a few stars in the R band
and were able to derive double-lined orbits for binaries with
q  0.5, by Mazeh et al. (2002), who have observed main-
sequence stars in the infrared in the H band and have been
able to derive mass ratios down to 0.4, and by Prato et al.
(2002), who observed pre–main-sequence stars in the H
band and derived mass ratios down to 0.2. Having a sample
with many more double-lined orbits down to small mass
ratios would help in exploring the mass-luminosity relation
at lower masses and in deriving the secondary mass distribu-
tion, reducing the need to apply statistical methods to the
SB1’s in the sample.
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Goçbocki, R., & Stawikowski, A. 1997, A&A, 328, 579
Goldberg, D. 2000, Ph.D. thesis, Tel Aviv Univ.
Goldberg, D.,Mazeh, T., & Latham,D.W. 2002, in preparation
Gray, D. F. 1976, The Observation and Analysis of Stellar Photospheres
(NewYork:Wiley)
Greenstein, J. L., & Saha, A. 1986, ApJ, 304, 721
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